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Abstract
Background:  Long Interspersed Nuclear Elements (LINEs) are the most abundant
retrotransposons in humans. About 79% of human genes are estimated to contain at least one
segment of LINE per transcription unit. Recent studies have shown that LINE elements can affect
protein sequences, splicing patterns and expression of human genes.
Description:  We have developed a database, LINE FUSION GENES, for elucidating LINE
expression throughout the human gene database. We searched the 28,171 genes listed in the NCBI
database for LINE elements and analyzed their structures and expression patterns. The results
show that the mRNA sequences of 1,329 genes were affected by LINE expression. The LINE
expression types were classified on the basis of LINEs in the 5' UTR, exon or 3' UTR sequences of
the mRNAs. Our database provides further information, such as the tissue distribution and
chromosomal location of the genes, and the domain structure that is changed by LINE integration.
We have linked all the accession numbers to the NCBI data bank to provide mRNA sequences for
subsequent users.
Conclusion: We believe that our work will interest genome scientists and might help them to gain
insight into the implications of LINE expression for human evolution and disease.
Availability: http://www.primate.or.kr/line
Background
Most retroelements have been considered harmful
because they cause accumulation of insertion and dele-
tion mutations in the host genome [1]. Mutation of retro-
elements could affect gene transcription and translation.
However, recent investigations have shown that HERV
and Alu elements in the intron or flanking regions of func-
tional human genes provide alternative promoters, splic-
ing sites and polyadenylation signals [2,3]. Unlike HERV
and Alu, LINE elements tend to contain multiple potential
splice sites (ESE) [4] and polyadenylation signals [5] in
their sequences. There are four types of transposable ele-
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ments in the human genome: long interspersed nuclear
elements (LINEs or L1s) or non-long terminal repeat ret-
rotransposons, short interspersed nuclear elements
(SINEs), LTR retrotransposons (endogenous retroviruses)
and DNA transposons [1], which together constitute 45%
of the total genome. Most of these elements are inactive.
However, a few LTR elements have been shown to contain
intact open reading frames (ORFs) [6], and LINE elements
also have the capacity for autonomous retrotransposition
[7,8]. SINE elements cannot be expressed by themselves
and depend on L1 elements for active mobility [9]. The L1
elements constitute about 17% of the human genome and
are present in an estimated 79% of human genes in at
least one copy [10].
The full length of L1 is about 6 kb. It consists of a 5'
untranslated region (5'UTR); two nonoverlapping open
reading frames (ORF1 and ORF2) encoding an RNA bind-
ing protein [11], an endonuclease [12] and a reverse tran-
scriptase [13]; and a 3'UTR that ends in an AATAAA
polyadenylation signal and a polyA tail [9]. The Alu and
SVA transposable elements and processed pseudogenes
are believed to have been inserted into the genome by
borrowing the endonuclease and reverse transcriptase
from L1 elements [14-16]. The L1 element itself has also
been inserted into new genomic locations during mam-
malian evolution. Such elements are mostly truncated
and rearranged to form inactive copies of their progeni-
tors. These insertional mutations are reported to be asso-
ciated with twelve genetic diseases [17] and also
contribute to protein variability or versatility [18].
Active or functional L1 elements, which are involved in
shaping the human genome, are differentiated into three
types depending on where they are inserted into the
genome. First, a 6 kb-long full-length or variable-length
5'-truncated L1 element is inserted into the 5'UTR or
introns of a gene, affecting its expression. In this process,
LINE elements are probably reverse transcribed and inte-
grated in the new location by target-primed reverse tran-
scription (TPRT) [19]. LINE elements have provided not
only many internal promoters at new genomic locations,
but also 5'-UTR-located internal promoters, which could
guide the transcription of many adjacent genes [20]. Sec-
ond, retrotransposition of the L1 element results in the
transduction of a 3'-UTR flanking fragment to a new
genomic location; this is due to the effect of the ambigu-
ous L1 polyadenylation signal [21]. Third, the L1 compo-
nents are shuffled into exons, affecting the splicing site at
transcription and consequently leading to the production
of alternative mRNA transcripts [22].
Assembling genomic information and constructing a web-
database of genome annotations and genes with particu-
lar functions is generally useful for implementing func-
tional studies and for understanding evolutionary
genomic organization. Representative web-databases of
transposable elements in the human genome have been
reported: a database of Alu elements incorporated within
protein-coding gene [2], an HERV expression and struc-
ture analysis system [3] and a system for extrapolating
functional annotation to the prediction of active LINE-1
elements [23]. Although it is well established that infor-
mation about the structure and position of LINE elements
in genes is important for functional studies of genetic dis-
eases, such data are limited and are not included in any
database that allows large amounts of scattered informa-
tion to be searched easily. To address this deficiency, we
developed a database for LINE expression and structure in
the human genome, LINE FUSION GENES. Our database
provides the structures and expression patterns of LINE
elements including their relative positions in the genes,
and additional information such as the tissue distribution
and chromosomal location of the genes and their domain
structures. To enhance ease of access for subsequent users,
we linked all of the accession numbers to the NCBI data
bank to provide mRNA sequences.
Construction and content
Identification of transcript variants by LINE insertion 
(LINE FUSION GENES)
First, 28,171 mRNA human-gene sequences and human
expressed sequence tags (EST) were downloaded from the
NCBI database Build 35 (INSDC, http://insdc.org) and
aligned with genomic assembly sequences (Build 35)
using the SIM4 program [24]. Only alignments showing
>97% sequence identity were used for further stages. As a
result, we extracted positional information about the exon
and genome sequences to be matched. On the basis of this
information we collected contiguous sequences from 5 kb
upstream of the 5'UTR end to the same distance down-
stream of the 3' UTR end. All the sequences were stored as
mapping data for each gene. In addition, the DNA
sequences of the LINE elements (LINE-1, LINE-2, LINE-3)
were downloaded from Repbase Update [25]. We con-
structed a LINE component library, using BLASTX, from
these 205 downloaded sequences, which included 5'UTR,
ORF1, ORF2 and 3'UTR.
We used RepeatMasker http://repeatmas
ker.genome.washington.edu to search for LINE sequences
in the contiguous segments. For each gene entry, LINE
locations on the contig, orientation and sequence were
stored in the database. The locations of LINEs and exons
on each contig were calculated from their positions. We
then merged them on the basis of their positions and
found that 4,489 LINEs were fused on 5' UTR (1,392),
3'UTR (2,167) and exonization (930). Finally, we con-
structed the LINE FUSION GENES database for chimeric
transcripts containing L1-5'UTR heads and cellularBMC Genomics 2006, 7:139 http://www.biomedcentral.com/1471-2164/7/139
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sequence tails (102) and L1-3'UTR incorporated within
transcripts tails (676), and the LINE elements that led to
novel splice variants (632). Information about tissue
expression and pathogenic LINE fusion transcripts was
obtained by gene expression vocabulary (eVOC) annota-
tions of cDNA library sources [26].
Classification of the LINE FUSION GENES
As shown Figure 1, we classified the LINE FUSION GENES
into three types, alternative promoter, alternative polya-
denylation signal and exonization, on the basis of the
effects of their insertion in the genes. These effects of LINE
insertion depend on position and sequence.
Type I. Alternative promoter
LINE FUSION GENES of Type I involve insertion near the
5'UTR of the gene or in an intron. LINEs have their own
sense and antisense promoters in their 5'UTRs. Conse-
quently, Type I genes might be transcribed from the pro-
moters of the inserted LINE rather than from the cellular
promoter. Previously, several cases of Type I LINE
FUSION GENES have been reported [27].
Type II. Alternative polyadenylation signal
If LINE elements have a polyadenylation signal within the
3' UTR gene flanking region, they could be responsible for
a transduction event [8]. Such LINE expression occurs
Classification of the LINE fusion types Figure 1
Classification of the LINE fusion types. LINE FUSION GENES were classified into three types. (Type I) Alternative promoter: 
the promoters of LINEs incorporated near the 5'UTR or into an intron of the gene can act as antisense (ASPs) or sense (SPs) 
promoters, producing chimeric transcripts different from those of that gene. (Type II) Alternative Poly A signal: LINEs with the 
poly A signal incorporated in the gene can affect the transcription process resulting in alternative transcripts. (Type III) Exoni-
zation: LINEs can be recognized as splicing sites (AG-GT) or intact exons by the spliceosome. LINE element is indicated by yel-
low box, exon by green box and 5'-3'UTR by blue box.BMC Genomics 2006, 7:139 http://www.biomedcentral.com/1471-2164/7/139
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occasionally in human genes; the transcript is stopped by
the LINE polyadenylation signal rather than the one
endogenous to the gene. When the LINE is incorporated
into the intron behind the 3'UTR, transcription is again
occasionally stopped by the LINE polyadenylation signal
rather than that of the gene. We classified such genes as
Type II LINE FUSION GENES. In other words, Type II
LINE FUSION GENES are LINE fusion genes with LINE
polyadenylation signals on their 3' UTRs.
Type III. Exonization
Generally, the intron sequences are spliced out by the spli-
ceosome, which recognizes the splicing site (AG-GT)
between the intron and the exon. Most LINEs inserted
into introns are spliced out and do not affect target gene
expression. However, recent studies have shown that
some LINEs can be recognized as splicing sites (AG-GT) or
as intact exons by the spliceosome [28]. Consequently,
the LINE sequences are fused to mRNA coding sequences.
We classified these genes as Type III LINE FUSION
GENES.
Utility and discussion
LINE FUSION GENES uses JSP technology; the data come
from a primary database. Users can efficiently retrieve
three modes of information concerning LINE expression
within genes. First, they can search LINE expression
within a gene by typing a gene ID or clicking on the gene
name listed on the view page according to its chromo-
somal location. Second, the database provides type infor-
mation in which LINE expression is classified into three
types (alternative promoter, alternative polyadenylation
signal and exonization). The type information can help
users to speculate more readily about the effects of LINE
expression within interesting genes. Third, users can
search interesting genes using accession numbers from the
NCBI data bank or from the HUGO symbol name pro-
vided on the view page, and even acquire mRNA
sequences from the NCBI data bank for further study.
The result pages are listed in a tabular format that provides
the evidence for and information about LINE expression
within genes. As shown in Figure 2, the LINEs are visual-
ized by colors: red (5' UTR elements), blue (3' UTR ele-
ments) and green (ORF1 and ORF2). LINE fusion regions
within mRNAs are indicated in red. Moreover, detailed
information about the LINE fusion regions are displayed
in the table on the result page. Occasionally, LINE incor-
poration results in domain changes in a protein. In order
to speculate about these domain changes, users can check
the domain description on the page. The domain infor-
mation includes the results obtained from searching que-
ries about genes with LINEs by RPS-BLAST [29].
Conclusion
From our in silico analysis of the human genome, 1,329
genes were identified as being affected by LINE elements
during expression. LINE FUSION GENES is continually
supplemented with new human gene data from the avail-
able sources. We are planning to update the database with
full length human cDNA data obtained from various clin-
ical samples representing human diseases. Through this
update, we will be able to profile the patterns of LINE
expression in various diseases and to identify LINEs that
affect the expression of functional human genes. We will
also supplement the database with LINE fusion genes
from other mammalian species and compare them with
those of humans. We also envision the integration of our
HESAS [3] and LINE FUSION GENES databases, intended
for release in 2007. We believe that our work will help us
to gain insight into the implications of LINE expression
for human evolution and disease.
Availability and requirements
LINE FUSION GENES is publicly available at the URL
http://www.primate.or.kr/line. Questions and comments
are welcomed through the site.
Abbreviations
LINE – Long Interspersed Element
HERV – Human Endogenous Retrovirus
SINE – Short Interspersed Nucleotide Element
ORF – Open Reading Frame
BLAST – Basic Local Alignment Search Tool
JSP – Java Server Pages
RPS-BLAST – Reversed Position Specific Blast
HESAS – HERVs Expression and Structure Analysis System
EST – Expressed Sequence Tag
UTR – Untranslated Regions
NCBI – National Center for Biotechnology Information
HUGO – Human Genome Organisation
INSDC – International Nucleotide Sequence Databases
Authors' contributions
DS Kim analyzed the contents of the paper and wrote the
manuscript. HS Kim participated in the analysis and pro-
vided essential direction. TH Kim provided biologicalBMC Genomics 2006, 7:139 http://www.biomedcentral.com/1471-2164/7/139
Page 5 of 6
(page number not for citation purposes)
context and guidance during the initial phase of the bio-
informatics analysis. HS Park and IC Kim contributed the
manuscript correction and continuous discussions. SW
Kim helped in the general design of the database and the
user interface. JW Huh provided biological direction. All
authors read and approved the final manuscript.
Acknowledgements
This study was supported by a grant from the Korea Health 21 R&D 
Project, Ministry of Health & Welfare, Republic of Korea (A050337).
References
1. Smit AF: Interspersed repeats and other mementos of trans-
posable elements in mammalian genomes.  Curr Opin Genet Dev
1999, 9:657-663.
2. Dagan T, Sorek R, Sharon E, Ast G, Graur D: AluGene: a database
of Alu elements incorporated within protein-coding genes.
Nucleic Acids Res 2004, 32:D489-492.
3. Kim TH, Jeon YJ, Kim WY, Kim HS: HESAS: HERVs expression
and structure analysis system.  Bioinformatics 2005,
15:1699-1970.
4. Fairbrother WG, Yeh RF, Sharp PA, Burge CB: Predictive identifi-
cation of exonic splicing enhancers in human genes.  Science
2002, 297:1007-1013.
5. Belancio VP, Hedges DJ, Deininger P: LINE-1 RNA splicing and
influences on mammalian gene expression.  Nucleic Acids Res
2006, 34:1512-1521.
Part of output from LINE FUSION GENES Figure 2
Part of output from LINE FUSION GENES. LINE FUSION GENES shows evidence of and information about expressed LINE 
events within genes. Both the LINE fusion regions and transcript information are shown in tabular form and a graphic view rep-
resents the family, orientation, structure and length of the LINE. This view provides more information such as the tissue distri-
bution of the genes, merging LINE elements as evidence of their expression, and domain information related to LINE 
expression.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Genomics 2006, 7:139 http://www.biomedcentral.com/1471-2164/7/139
Page 6 of 6
(page number not for citation purposes)
6. Medstrand P, Mager DL: Human-specific integrations of the
HERVK endogenous retrovirus family.  J Virol 1998,
72:9782-9787.
7. Sassaman DM: Many human L1 elements are capable of retro-
transposition.  Nature Genet 1997, 16:37-43.
8. Moran JV: High frequency retrotransposition in cultured
mammalian cells.  Cell 1996, 87:917-927.
9. Prak ET, Kazazian HH Jr: Mobile elements and the human
genome.  Nat Rev Genet 2000, 1:134-144.
10. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J,
Devon K, Dewar K, Doyle M, FitzHugh W, et al.: Initial sequencing
and analysis of the human genome.  Nature 2001, 409:860-921.
11. Hohjoh H, Singer MF: Cytoplasmic ribonucleoprotein com-
plexes containing human LINE-1 protein and RNA.  EMBO J
1996, 15:630-639.
12. Feng Q, Moran JV, Kazazian HH Jr, Boeke JD: Human L1 retro-
transposon encodes a conserved endonuclease required for
retrotransposition.  Cell 1996, 87:905-916.
13. Mathias SL, Scott AF, Kazazian HH Jr, Boeke JD, Gabriel A: Reverse
transcriptase encoded by a human transposable element.
Science 1991, 254:1808-1810.
14. Boeke JD: LINEs and Alus – the polyA connection.  Nature Genet
1997, 16:6-7.
15. Jurka J: Sequence patterns indicate an enzymatic involvement
in integration of mammalian retroposons.  Proc Natl Acad Sci
USA 1997, 94:1872-1877.
16. Esnault C, Maestre J, Heidmann T: Human LINE retrotrans-
posons generate processed pseudogenes.  Nature Genet 2000,
24:363-367.
17. Kazazian HH Jr: Mobile elements and disease.  Curr Opin Genet
Dev 1998, 8:343-350.
18. Makalowski W, Mitchell GA, Labuda D: Alu sequences in the cod-
ing regions of mRNA: A source of protein variability.  Trends
Genet 1994, 10:188-193.
19. Wei W, Gilbert N, Ooi SL, Lawler JF, Ostertag EM, Kazazian HH Jr,
Boeke JD, Moran JV: Human L1 retrotransposition: cis prefer-
ence versus trans complementation.  Mol Cell Biol 2001,
21:1429-1439.
20. Nigumann P, Redik K, Mätlik K, Speek M: Many human genes are
transcribed from the antisense promoter of L1 retrotrans-
poson.  Genomics 2002, 79:628-34.
21. Moran JV, DeBerardinis RJ, Kazazian HH Jr: Exon shuffling by L1
retrotransposition.  Science 1999, 283:1530-1534.
22. Meischl C, Boer M, Ahlin A, Roos D: A new exon created by
intronic insertion of a rearranged LINE-1 element as the
cause of chronic granulomatous disease.  Eur J Hum Genet 2000,
8:697-703.
23. Penzkofer T, Dandekar T, Zemojtel T: L1Base: from functional
annotation to prediction of active LINE-1 elements.  Nucleic
Acids Res 2005, 33:D498-500.
24. Florea L, Hartzell G, Zhang Z, Rubin GM, Miller W: A computer
program for aligning a cDNA sequence with a genomic DNA
sequence.  Genome Res 1998, 8:967-974.
25. Jurka J: Repbase update: a database and an electronic journal
of repetitive elements.  Trends Genet 2000, 16:418-420.
26. Kelso J, Visagie J, Theiler G, Christoffels A, Bardien S, Smedley D,
Otgaar D, Greyling G, Jongeneel CV, McCarthy MI, et al.: eVOC: a
controlled vocabulary for unifying gene expression data.
Genome Res 2003, 13:1222-1230.
27. Medstrand P, Landry JR, Mager DL: Long terminal repeats are
used as alternative promoters for the endothelin B receptor
and apolipoprotein C-I genes in humans.  J Biol Chem 2001,
276:896-903.
28. Divoky V, Indrak K, Mrug M, Brabec V, Humisman THJ, Prchal JT: A
novel mechanism of beta-thalassemia: the insertion of L1
retrotransposable element into beta globin IVS II.  Blood 1996,
88:148-148.
29. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lip-
man DJ: Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs.  Nucleic Acids Res 1997,
25:3389-3402.